The crystal and electronic structures of the CePt 5 and CeAg x surface alloys have been investigated by means of low-energy electron diffraction and angle-resolved photoelectron spectroscopy. From measurements performed near the 4d-4f absorption edge we were able to infer the weight of the 4f -electron spectral function with respect to the single-particle density of states. While the typical Kondo features at the Fermi energy (Kondo resonance and spin-orbit partner) in the CePt 5 surface alloy were observed, only the f 0 ionization structure and the spin-orbit partner were present in the CeAg x case. From our experiments, and by comparison to model calculations, we were able to estimate the Kondo temperature in the two systems and investigate parameters contributing to the hybridization strength.
I. INTRODUCTION
Systems of rare earths combined with transition metals are rich with interesting properties originating from the interaction of the localized 4f electrons of the rare earth and the more itinerant d electrons of the transition metals. The hybridization between d and f electrons gives rise to the Kondo effect at sufficiently low temperatures and at even lower temperatures to the formation of coherent quasiparticles 1 and in some cases to heavy fermion superconductivity. 2 The large majority of the studies in this field have focused on bulk crystals, while little interest has been given to artificially prepared surface alloys. Using state-of-the-art surface science techniques it is possible to completely control the cleanliness of the substrate and the growth of the surface alloy, namely, the stoichiometry and the crystal structure, and to check for the presence of spurious phases or surface reconstructions. None of this is possible when using cleaved bulk single crystals. A second motivation for the study of cerium-transition-metal surface alloys is the reduced thickness of the region of interest forming on the substrate, which leads to an effective reduction of the dimensionality. It is known that in low dimensions the physical properties of matter change drastically, mainly because of the reduced coordination. 3, 4 Resistivity measurements of bulk CePt 5 have shown a minimum at T = 9 K attributed to the Kondo effect. 5 However, at lower temperatures specific heat and magnetic susceptibility revealed antiferromagnetic order, but no indication of heavy fermion behavior was found in the three-dimensional material. 6 On the other hand, the formation of a heavy fermion band was shown in the surface alloy of CePt 5 /Pt(111), 1 proving that the low-temperature behavior of surface CePt 5 and the low-temperature behavior of bulk CePt 5 differ considerably.
Since the macroscopic properties of the alloys depend strongly on the degree of hybridization between the f electrons and the conduction bands, we investigated another compound, namely, CeAg x , which has a different electron filling with respect to CePt 5 . Unfortunately not very much is known about the magnetic properties of bulk CeAg systems. Several works dedicated to bulk CeAg (Refs. 7-9) report about ferromagnetic order at T < 5.5 K, while experimental studies devoted to the properties of cerium and silver surface alloys are necessary. Therefore, we investigated the properties of the two surface alloys, CePt 5 and CeAg x , with the purpose of characterizing the high-energy excitations and the overall electronic structure.
II. BASIC THEORETICAL DESCRIPTION
A small amount of magnetic impurities diluted into a metallic host has drastic effects on the resistivity. Instead of parabolically decreasing and saturating at zero temperature, as in the case of a usual Fermi liquid, the resistivity shows a characteristic minimum in the temperature dependence and then an upturn at even lower temperatures. The effect was found in the 1930s, 10 but it was several decades before a satisfactory theoretical explanation was put forth. 11 The resistivity minimum occurs at the so-called Kondo temperature T K which, in the framework of the single-impurity regime, is given by
Here k B is the Boltzmann constant, D is the conduction band width, ρ(E F ) is the density of conducting states at the Fermi energy E F , and J is the coupling constant between the magnetic impurities and the conduction electrons.
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While this result was obtained using the s-d model Hamiltonian, a more fundamental description of the interactions between localized and itinerant particles is given by the single-impurity Anderson model (SIAM), 13 whose building blocks are (i) the conduction band states, (ii) the energy of the localized f electron, (iii) the Coulomb repulsion energy occurring when two electrons occupy the f states, and (iv) the hybridization between f and conduction electrons. Including a possible interaction between inequivalent cerium sites, one obtains the periodic Anderson model, which is used to model the formation of heavy quasiparticles at T < T K . On the basis of this Hamiltionan, the thermodynamical proprties of cerium alloys can be calculated and compared to experiments. The spectral function can also be obtained and compared to photoemission data, as they measure it directly. 14 The ground state configuration of Kondo systems is a linear combination of the possible electronic configurations of the Ce impurity, f 0 , f 1 , or f 2 , depending on how many electrons occupy the f shell. With no hybridization and in the limit of infinitely large Coulomb repulsion, the f state is single occupied (f 1 state) while at finite hybridization the f electron can be transferred into the conduction band, lowering the f -occupation number n f < 1. For finite U , the double occupancy is allowed (f 2 state) but in general its contribution is very small, given the large value of U for typical f systems (between 5 and 10 eV). 15 To calculate the spectral function in the framework of the SIAM, [16] [17] [18] [19] [20] one needs the final state configurations accessible from the ground state by an electron removal, for photoemission (PES), or addition, for inverse photoemission (IPES). As we are mostly concerned here with photoemission data, we are describing only the case of electron removal. If the occupation in the ground state is 1 (f 1 state) then the PES final state has no f electrons. This transition gives rise to an ionization peak (IS), identified as a broad structure a few electronvolts below the Fermi energy. The excitations at low energies are responsible for the Kondo effect and they involve the spin flipping of the electrons on the f site. In particular, the hybridization introduces an antiferromagnetic coupling between the f electrons and the conduction electrons, lowering the energy of the singlet with respect to the triplet state. Hence in configuration terms, the singlet is a linear combination of f 0 and f 1 states. Upon removal of one electron, the system can make a transition to an f 1 final state, provided that one electron from the conduction band fills the hole left by the photoelectron. This process originates a peak near the Fermi energy, generally named Kondo resonance (KR), which is the main interest of this paper. These transitions produce the main features of the spectral functions, while neglecting weaker interactions like spin-orbit splitting (≈280 meV) and crystal field effects(≈30 meV) which yield satellites to the KR, namely, the spin-orbit (SO) and the crystal-field satellite. They give rise to spectral features that have been observed in experiments 18, 19 and can be fully taken into account in calculations.
A direct measurement of the f -only spectral function is possible by employing resonant photoemission, i.e., measuring the valence band spectrum tuning the photon energy close to a core-level absorption edge. The 4f -derived spectral intensity shows a Fano-like resonant enhancement 21 due to the interference between a direct photoemission process,
and a photoabsorption followed by an Auger transition, d 10 
This intermediate state autoionizes (CosterKronig transition) with one 4f electron falling into the core hole and the other reaching the analyzer. Resonant photoemission has two advantages: the photoelectron yield increases strongly at the resonance and the measurement is very sensitive to the intermediate state electrons. For the measurements here reported, the 4d → 4f transition was chosen, which occurs at a photon energy of about 122 eV.
Measurements taken with linearly polarized light are sensitive to the symmetry of the wave functions as the latter can only be even or odd with respect to the crystal mirror plane. Since the final state (in the free electron approximation) is even, the choice of the photon polarization (parallel or perpendicular to a mirror plane) directly tells the symmetry of the initial state wave function with respect to a chosen mirror plane, which is an important aspect for angle-resolved photoelectron spectroscopy (ARPES) measurements.
In the following we discuss on-and off-resonant ARPES data of CePt 5 and CeAg x , focusing on how the photoemission intensity can be related to the hybridization, its dependence on atomic properties and how they affect the Kondo temperature. These aspects were explored theoretically by Gunnarsson and Schönhammer, 16 while the experimental work dealt with vacuum-scraped bulk polycrystals 17 or with sub-monolayer Ce adatoms on metal surfaces. 20 Here we investigate surface alloys, which offer the advantages of giving spectra independent of the surface preparation (once optimized) and of stoichiometry independent of the evaporation rate, as it is controlled by the alloying process.
III. EXPERIMENTAL A. ARPES measurements
The experiments were performed on the linear undulator beamline (BL-1) of a compact electron-storage ring (HiSOR) at Hiroshima Synchrotron Radiation Center in Japan. BL-1 provides photons in the energy range 22-300 eV with s-and p-polarization geometries, tunable by rotating the endstation around the synchrotron's light beam. The endstation is equipped with a VG Scienta R4000 electron analyzer and a five-axis cryostat. During this experiment the energy resolution at the resonance energy was set at E = 50 meV. The sample was cooled to 10 K, as measured on the manipulator cold finger, and kept at this temperature during all the ARPES data acquisition time. The degree of surface crystallinity was determined by low-energy electron diffraction (LEED) and the cleanliness with Auger electron spectroscopy (AES).
B. Preparation of surface alloys and characterization
Cerium evaporation on Pt(111) and subsequent annealing results in a surface alloy with a very rich phase diagram that was previously investigated by LEED and AES. 22 A wellordered structure can be obtained by evaporating 2 monolayers (ML) of cerium on the surface and annealing to 550
• C. This CePt 5 surface alloy shows a (2 × 2)R30
• reconstruction under LEED [see Fig. 1(c) ]. 22 In our experiments the evaporation rate was calibrated using the (2 × 2) reconstruction [ Fig. 1(b) ] that forms after deposition of 0.5 ML and subsequent annealing. The films investigated in this paper were four unit cells of CePt 5 or 18Å thick. After evaporation of 2 ML of Ce on a heated to 4
• C Ag(111) surface we observed a (2 × 2)R30
• reconstruction [ Fig. 1(e) ], similar to the 2 ML CePt 5 /Pt(111) surface alloy in Fig. 1(c) . Since the structure of the CeAg x surface alloy is unknown we cannot state a film thickness here.
The surface contamination was monitored by means of AES (not shown). In no case was a signal in the vicinity of 530 eV indicating the lack of oxygen on the surface observed. Assuming that the oxygen intensity in the dI dV spectrum is as large as the noise of the signal, and comparing this intensity to the Ce after annealing, we can give 0.04 ML as an upper limit for oxygen coverage. Given that cerium easily reacts with oxygen and the latter was detected several hours after the surface preparation, we conclude that the surface is terminated by a silver capping layer that prevents oxidation. For CePt 5 /Pt(111) the formation of a Pt capping layer was observed by CO adsorbtion measured with high-resolution electron energy loss spectroscopy. The 4f spectral function in Fig. 2(a) shows three features: (i) the IS dominating the spectrum with a binding energy (energy below E F ) of E B = 2.2 eV, (ii) the SO peak at a binding energy of E B = 0.27 eV, and (iii) a very small shoulder right at the Fermi energy, where the KR is normally located. The weakness of the Kondo peak can be attributed to either a weak hybridization or to excessive experimental temperature, T T K . However, the higher intensity of the SO peak with respect to the true Kondo peak at the Fermi energy hints at a weak hybridization regime, as pointed out by model calculations. 17 The spectral functions measured for the other high-symmetry directions and light polarizations in Fig.  2(b) share the same features, supporting this description.
B. 4 f spectral function of CePt 5 /Pt(111)
The 4f spectral function of the CePt 5 /Pt(111) surface alloy is shown in Fig. 3(a) . It displays the occupied part of the Kondo resonance right at the Fermi energy and its SO partner as a shoulder at E B = 0.27 eV. At higher binding energies several additional features appear, which we attribute to either the substrate [in clean platinum the 5d bands disperse from above the Fermi energy down to E B = 7.5 eV (Ref. 23 )] or the Pt atoms forming the surface alloy. The 7-eV difference between the on-and off-resonant excitation energies implies a variation of the k z probed by the two measurements. Given the perpendicular dispersion of (at least) the substrate Pt bands, we conclude that part of the intensity observed in the f spectral function receives a contribution from the single-particle density of states of Pt. And indeed the Pt band structure along the L direction shows dispersing bands from the Fermi energy down to E B = 5 eV. 23 Moreover, a step in the real part of the hybridization in the energy range of the on-site energy can induce a splitting of the IS. 20 In the Pt band structure several bands have extrema at E B ≈ 2 eV, leading to a step in the density of states at that energy which again 125130-3 introduces a step in the hybridization if we assume constant hopping matrix elements between the Ce 4f electrons and the conduction states. 17 Considering these findings, the two peaks appearing at E B ≈ 1 and 3 eV can be interpreted as a split IS due to a step in the real part of the hybridization in that energy range.
The spectral functions for the other high symmetry directions and light polarizations are displayed in Fig. 3(b) . The structures close to the Fermi energy (KR and SO) show a slight dependence on the light polarization: the SO has less spectral weight with respect to the KR with s-polarization. Since the overall spectral weight in the valence band due to the Pt 5d electrons is weaker than in the p-polarized spectra we attribute these changes to a polarization dependence of the Pt 5d bands. While for this compound, the IS overlaps with the single-particle 5d bands of Platinum, it is still possible to remark an important point: The strong Kondo resonance indicates that the Kondo temperature in this sample was higher than in the case of CeAg x and thus the hybridization between the 4f and conduction electrons was stronger. The weaker IS with respect to the Kondo resonance is consistent with the previous conclusions.
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C. ARPES band structure
The untypical features in the 4f spectral functions can be explained by comparing the ARPES band structure measured with on-and off-resonant photon energies. 
ARPES band structure of CeAg x /Ag(111)
The on-resonance ARPES spectrum of CeAg x /Ag(111) in Fig. 4(a) shows the Ag 4d bands in the energy range 4.5 to 7.5 eV and the IS at E B = 2.2 eV. The much weaker peak at E B = 0.27 eV is the SO partner to the Kondo peak, which shows up as a very small bump at the Fermi energy. The dispersing bands are faint in the on-resonant data and partly masked by the nondispersing cerium states. However, in the off-resonant spectrum in Fig. 4(c) all the bands can be observed having comparable spectral weight.
From the Fermi energy, we find two electron pockets between |k || | = 0.3-0.5Å. Some bands with negative effective mass and a band maximum in the vicinity of the SO partner at the point are necessary to describe the features at higher binding energy. The shoulder at E B = 1.2 eV in the 4f spectral function in Fig. 2(a) can be explained as a flat part of two Fig. 2(a) .
ARPES band structure of CePt 5 /Pt(111)
Figure 5(a) shows the on-resonant ARPES spectrum of CePt 5 /Pt(111) with the tail of the Kondo resonance right at the Fermi energy, whose intensity is strongly enhanced in the vicinity of the point. The rest of the on-resonant spectrum is very similar to the off-resonant spectrum, thus attributable to the Pt 5d bands. The electron pockets (marked by guides to the eye in the figure) have their bottom around the point, but cross the Fermi energy at the point of the second Brillouin zone. This findings makes us conclude that these bands originate from the substrate: their periodicity is the double of that of the CePt 5 alloy, compatible with that of clean Pt(111), which has a twice as large unit cell [see the LEED images of Figs. 1(a) and 1(c) ]. The Ce 4f electrons show different behavior in their nondispersive structures: in CeAg x most of the 4f signal is in the IS and only a minor contribution comes from the region near the Fermi edge (KR and SO). The opposite is true for CePt 5 , where the KR is very strong and the IS is so weak that it cannot be resolved from the Pt 5d bands.
V. DISCUSSION
Our findings can be interpreted considering how the hybridization and the Kondo temperature depend on the crystal properties and on the electron filling of silver and platinum. As seen before, the relative strength of the ionization peak with respect to the SO and Kondo peaks may be used to understand the relative weight of the f 0 to f 1 contributions, which mix due to the hybridization term. The strong difference between the spectra presented in Figs. 2 and 3 indicates that the two materials belong to different hybridization regimes, CeAg x having a much weaker hybridization than CePt 5 . This implies that the occupation of the f state, n f , must be very close to 1 for CeAg x (almost negligible contribution of the f 0 configuration) and sensibly smaller for CePt 5 , evidence for a stronger contribution of the f 0 configuration. As a consequence the Kondo temperature of CeAg x has to be much smaller than that of CePt 5 , T K,CeAg x T K,CePt 5 . In a very simple view, the Kondo temperature should mainly depend on two parameters [see Eq. (1)], namely, the density of conduction band states at E F and the hybridization between conduction and f states. From the photoemission data both can be estimated roughly but independently. The absolute intensity at the Femi level in the momentum-integrated off-resonant spectra (Figs. 2 and 3 ) is proportional to the density of conducting states at the Fermi energy ρ(E F ) times the total photoionization cross section σ (115 eV). The latter is twice as large for Pt as for Ag. 24 Whereas at E F the absolute intensity from CePt 5 is 9 times larger than that from CeAg x . Neglecting Ce in the photoemission signal and assuming the same ratio of transition metal atoms per Ce atom (the latter overreaches CePt 5 ) the density of states at the Fermi energy in the two compounds behave as
The silver 4spd shell is almost completely filled, with binding energies of 4-7 eV, with mainly the 5s and 5p electrons contributing to the conduction in the bulk. [25] [26] [27] Even the different structure of CeAg x with respect to bulk Ag with more inequivalent Ag sites does not increase substantially the density of states at the Fermi energy as can be seen above. On the other hand, the 5d shell of Pt is partially filled, meaning a large density of states at the Fermi energy. 28 Therefore the ratio of density of states already suggests a higher Kondo temperature for CePt 5 .
125130-5
Furthermore the hybridization should be immediately correlated to the coordination of the rare-earth atoms; in other words, a larger coordination number should be reflected by a higher Kondo temperature T K . The crystal structure for CePt 5 is well known, 22 and in this CaCu 5 -type structure the Ce atom is surrounded by 18 Pt atoms. 29 While the structure of the compound LaAg 5 has been determined by x-ray diffraction for bulk samples, 30 there is debate on whether a CeAg 5 phase even exists in the Ce-Ag phase diagram. 31 Nevertheless an estimation can be pursued for all reported binary phases in the Ce-Ag system. The phase diagram of the Ce-Ag binary alloy shows several candidates where the following number of Ag atoms surround the Ce atom: In CeAg 1 8, in CeAg 2 and CeAg 4 12, and in Ce 14 Ag 51 the 3 inequivalent cerium atoms are in average surrounded by 15 2 3 silver atoms. [32] [33] [34] The interatomic distances can be ignored since they only marginally differ from 1. So for any of the aforementioned Ce-Ag crystal structures, the number of coordination partners of the Ce atom and thus the hybridization are larger in CePt 5 .
While the higher density of states of CePt 5 decreases the (negative) exponent in the Kondo temperature in Eq. (1), this effect is even enhanced by the number of coordination partners. Therefore the Kondo temperatures follow T K,CeAg x T K,CePt 5 in agreement with our experimental results. Moreover the coherent regime, occurring at temperatures T * < T K , was recently observed experimentally in CePt 5 at about 10 K. 1 Thus we conclude that the surface alloy CeAg x has a vanishing Kondo temperature. In addition these results allow the classification of these systems: CePt 5 with its higher hybridization and its higher Kondo temperature has a low f occupancy n f and thus is more α-like. CeAg x on the other hand rather belongs to the γ -like Ce compounds because of a weaker hybridization, a lower T K , and thus a high f occupancy n f close to 1.
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VI. CONCLUSION
We reported on the growth and the characterization of the crystal structure of two surface alloys, CePt 5 and CeAg x , and on the 4f derived spectral features by resonant and angle-resolved photoemission. The two compounds show very different f -spectral functions, whose features are strongly affected by the hybridization parameter of the Anderson model. In turn, the differing hybridizations and consequently the disproportionate Kondo temperatures of the two systems were related to the electron filling of the d shell of the transition metal substrate and to the crystal structure of the surface alloy.
The angle-resolved photoemission data show a complicated underlying electronic structure for both materials with many bands crossing the Fermi energy, a consequence of the presence of several inequivalent atoms in the unit cell. Moreover, it was possible to observe the hybridization between the conduction and the localized bands. In the case of CePt 5 , the band structure of the Pt substrate was recognized to give a contribution to the ARPES maps thanks to the doubling of the periodicity of the unit cell of the alloy with respect to that of the face-centered cubic Pt(111).
